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Inducible Presynaptic Glutamine Transport Supports
Glutamatergic Transmission at the Calyx of Held Synapse
Daniela Billups,* Mari-CarmenMarx,* IoannaMela, and Brian Billups
Department of Pharmacology, University of Cambridge, Cambridge CB2 1PD, United Kingdom
The mechanisms by which the excitatory neurotransmitter glutamate is recycled at synapses are currently unknown. By examining the
functional expression of plasma membrane transporters at presynaptic terminals, we aim to elucidate some of the mechanisms of
glutamate recycling. Using whole-cell voltage-clamp recordings from rat calyx of Held presynaptic terminals, our data show, for the first
time, that the glutamate precursor glutamine causes the direct activation of an electrogenic, sodium-dependent presynaptic transporter,
which supplies glutamine for generation of presynaptic glutamate and helps sustain synaptic transmission. Interestingly, the
functional expression of this transporter at the presynaptic plasmamembrane is dynamically controlled by electrical activity of the
terminal, indicating that uptake of neurotransmitter precursors is controlled by the demand at an individual terminal. Induction
of the transporter current is calcium-dependent and inhibited by botulinum neurotoxin C, demonstrating the involvement of
SNARE-dependent exocytosis in inserting transporters into the plasma membrane when the terminal is active. Conversely, inac-
tivity of the presynaptic terminal results in removal of transporters via clathrin-mediated endocytosis. To investigate whether the
presynaptic glutamine transporter supplies the precursor for generating the synaptically released glutamate, we measured mini-
ature EPSCs to assess vesicular glutamate content. When the presynaptic glutamate pool was turned over by synaptic activity,
inhibiting the presynaptic glutamine transporters with MeAIB reduced the miniature EPSC amplitude significantly. This demon-
strates that presynaptic glutamine transport is centrally involved in the production of glutamate and assists in maintaining
excitatory neurotransmission.
Introduction
Glutamatergic presynaptic terminals rely on the supply of pre-
cursormolecules to regenerate their supply of neurotransmitters.
However, the nature of the supply mechanism and the molecules
that are taken up by the presynaptic terminal are not known.
Radiotracing studies suggest that released glutamate is seques-
tered by astrocytes, which is then converted into glutamine and
transported back to the presynaptic terminal where it acts as a
precursor for glutamate, forming a glutamate–glutamine cycle
(Sibson et al., 2001). However, the physiological importance of
this cycle is controversial. Although neurotransmission between
cultured hippocampal neurons can continue in the absence of
glutamine or glia (Kam and Nicoll, 2007), it is clear that synaptic
transmission in active neocortical brain slices does rely on the
supply of external glutamine from glia (Tani et al., 2010). The
glutamate transporters responsible for the uptake of glutamate
into glia have been identified as members of the high-affinity
excitatory amino acid transporter (EAAT) family. However, the
nature of the transporters that mediate the translocation of glu-
tamine from glia to presynaptic terminals has not been estab-
lished. The aim of this study is to demonstrate the presence of
glutamine transporters on glutamatergic presynaptic terminals
and to evaluate their contribution to sustaining the presynaptic
glutamate supply to maintain excitatory neurotransmission.
We have studied the expression of functional glutamine trans-
porters using electrophysiological recordings from the calyx of
Held presynaptic terminal. This glutamatergic terminal contacts
the soma of the principal cells of the medial nucleus of the trap-
ezoid body (MNTB) in the auditory brainstem. It is large enough
to be whole-cell patch-clamped and hence is one of the most
comprehensively studied synapses in the mammalian CNS (Sch-
neggenburger and Forsythe, 2006). We have recently shown that
astrocytes immediately adjacent to this synapse release glutamine
in response to EAAT activation (Uwechue et al., 2012), with tight
temporal coupling that suggests that the glutamate–glutamine
cycle may function to replenish the presynaptic glutamate supply
on a rapid time-scale. We hypothesized that glutamine activates
electrogenic presynaptic transporters, which would be evident as
amembrane current in voltage-clamped calyces of Held. Here we
show that glutamine transporters are functional in the presynaptic
terminal and that their plasmamembrane expression is dynamically
controlled by presynaptic activity. Moreover, by measuring the mini-
ature EPSC (mEPSC) amplitude in theMNTB neurons, we also dem-
onstrate that these transporterscontribute tomaintainingtheefficacyof
synaptic transmission.
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Materials andMethods
Brain slice recording. Brainstem slices (120–180 m thick) containing
MNTB were obtained from 10–15 day-old Wistar rats of either sex, and
whole-cell patch-clamp recordings performed as previously described
(Blot et al., 2009). Whole-cell series resistances were20 M and com-
pensated 70%. Synaptic activity was stimulated with a bipolar plati-
num electrode placed at the midline. MNTB neurons with active
presynaptic connections were detected by fura-2 calcium imaging before
patch-clamp recording, as previously described (Billups et al., 2002).
Experimental solutions. Experiments were performed at physiological
temperature (34–36°C) in a solution containing the following (inmM): 125
NaCl, 2.5 KCl, 10 glucose, 1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2,
0.01 ()-bicucullinemethochloride, and 0.001 strychnine; gassedwith 95%
O2/5% CO2, pH 7.4. For presynaptic recordings, the following antagonists
were added (inM): 40 DL-2-amino-5-phospohonopentanoic acid, 10 dizo-
cilpine maleate (MK801), 20 NBQX, 1 TTX, and 10 mM tetraethylammo-
nium chloride (TEA). The internal patch-pipette solution for presynaptic
recordings contained the following (inmM): 110 cesiummethanesulfonate,
40 HEPES, 10 TEA-Cl, 2Mg-ATP, 0.5 Na-GTP, 0.008 CaCl2, 0.2 EGTA, 20
sucrose, and0.05% Lucifer yellow (pH 7.2 with CsOH). For postsynaptic
recordings, ATP, GTP, and CaCl2 were omitted and 1 mM EGTA and 1
mM QX314 were included. Transporter substrates (L-glutamate and
L-glutamine) were dissolved in the external solution and applied by pressur-
ized ejection (2–8 psi) from pipettes (open tip resistance 4–6M) using a
Picospritzer II (General Valve). For caged calcium experiments, the internal
solution contained (in mM) 110 cesium methanesulfonate, 40 HEPES, 10
TEA-Cl, 20 sucrose, 2 Na2-ATP, 0.5 Na-GTP, 0.25 CaCl2, 3 1-(4,5-
dimethoxy-2-nitrophenyl)-1,2-diaminoethane-N,N,N,N-tetraacetic acid
(DMNP-EDTA), and 0.1 fura-FF. Calcium was released by a 0.5 ms flash
from a Xe lamp (360 40 nm; Rapp OptoElectronic), delivered 2 s before
each glutamine puff. DL-2-Amino-5-phospohonopentanoic acid, MK801,
bicuculline, strychnine,NBQX,TTX, andPitstop-1were obtained fromAb-
camBiochemicals; DMNP-EDTAwas obtained from Synaptic Systems; DL-
threo--benzyloxyaspartic acid (TBOA)waspurchased fromR&DSystems.
All other chemicals were acquired from Sigma-Aldrich.
Preparation of botulinum neurotoxin C (BoNT/C) light chain. BoNT/C
light chain bearing a C-terminal His6 epitope tag, in the vector pQE3
(QIAGEN), was expressed in Escherichia coli and purified by binding to
Ni2-agarose (Probond; Invitrogen) followed by elutionwith imidazole.
Toxin was dialyzed against internal patch-pipette solution, and protein
purity was checked by SDS-PAGE followed by Coomassie Blue staining.
Patch pipettes were tip-filled with BoNT/C-free internal solution and
back-filled with internal solution containing 0.5M BoNT/C. Heat inac-
tivated BoNT/C (95°C; 7 min) was used as a control.
Data analysis. Data are presented as mean  SEM and regarded as
statistically significant when p 0.05 using one-way ANOVAwith Dun-
nett’s post hoc test (GraphPad Prism 6.01; GraphPad Software).
Results
To investigate the activity of functional transporters in presynap-
tic terminals, calyces of Held in brainstem slices were whole-cell
voltage-clamped at 80 mV and visually identified by the fluo-
rescent dye Lucifer yellow, included in the internal solution.
Presynaptic transporters were activated by puff application of
substrates from pipettes placed 20–50maway from the presyn-
aptic terminal (Fig. 1A). Application of 200 M glutamate for 5 s
failed to elicit a membrane current in presynaptic terminals (Fig.
1B; 0.2 0.4 pA; n	 3), demonstrating a lack of direct presyn-
aptic glutamate transport via EAATs. Glutamine (10 mM) also
failed to generate a membrane current when initially applied to
the same terminals (Fig. 1B; 0.7  0.4 pA; n 	 17). However,
after brief depolarization of the presynaptic terminal, a glutamine-
evoked current (IGln) became apparent. To induce IGln, terminals
were stimulated by trains of depolarization (80 to 0 mV for 2
ms, repeated at 100 Hz for 2 s). This protocol activates presynap-
tic P-type calcium channels and causes vesicular exocytosis from
the terminals (Billups and Forsythe, 2002). These trains were
repeated every 30 s, immediately before the glutamine puffs.
Within 1–3 trains, IGln was fully established, attaining a magni-
tude of15.8 1.4 pA (Fig. 1C; n	 27). Longer constant depo-
larizations (80 to 0 mV for 5 s) were equally effective at
inducing IGln (15.1 1.4 pA; n	 14; data not shown). Despite
the induction of IGln by stimulation, glutamate still did not gen-
erate an EAAT current, even after stimulation (0.01 0.52 pA;
n 	 3; Fig. 1B). Additionally, replacing methansulfonate with
NO3
 in the internal solution to enhance EAAT currents (Palmer
et al., 2003) did not reveal a glutamate-induced response (0.1
0.3 pA; n	 3), arguing against a role for direct presynaptic glu-
tamate uptake in glutamate recycling. Stopping the stimulation
trains before the glutamine puffs caused IGln to rapidly decline,
with a half-time of 30 s. A subsequent bout of stimulation
caused IGln to swiftly return (Fig. 1C), indicating a dynamic in-
duction of IGln by electrical activity, that is rapid and reversible.
What is themechanismof this current induction?We hypoth-
esized that electrical stimulation causes the insertion of glu-
tamine transporters into the presynaptic plasma membrane via a
mechanism involving Ca2-dependent vesicle exocytosis. To in-
vestigate this hypothesis, we omitted Ca2 from the external so-
lutionmidway through the experiment, after the induction of IGln
by depolarization. This caused IGln to rapidly decline to1.6
0.9 pA (inhibited by 93  3%; n 	 3; p  0.001), in a manner
similar to stopping the stimulation (Fig. 1D). Moreover, photo-
release of caged presynaptic calcium, in the absence of any elec-
trical stimulation, also induced IGln to the same magnitude (Fig.
1D; 12.4  2.3 pA; n 	 4; p  0.05). These data demonstrate
that calcium is necessary and sufficient for the induction of IGln.
To further test the vesicle insertion theory, BoNT/Cwas included
in the patch pipette to cleave syntaxin and SNAP-25 and thus
inhibit exocytosis (Sakaba et al., 2005). BoNT/C caused a decline
of IGln as it diffused into the terminal from the pipette. After
whole-cell recording for at least 15 min, IGln was inhibited by
61 6% (Fig. 1D; n	 3; p 0.01) by BoNT/C, with no change of
the presynaptic calcium currentmagnitude (1.2 0.4 nA in con-
trol and 1.3  0.2 pA in BoNT/C; p  0.05). As a control, heat
inactivated BoNT/C had no effect on IGln induction (19.3 0.9
pA; n	 4; p 0.05). These data demonstrate the involvement of
SNARE-dependent exocytosis in the induction of IGln. Addition-
ally, inclusion of 200 M Pitstop-1 (von Kleist et al., 2011) in the
internal solution prevented IGln decliningwhenpresynaptic stim-
ulationwas stopped (Fig. 1C,D;12.1 0.6 pA; n	 4; p 0.05),
implicating clathrin-mediated endocytosis in reversing IGln
induction.
We next investigated the underlying process that mediates
IGln. After induction of IGln, bath application of the glutamine
transporter substrate inhibitor -(methylamino)isobutyric acid
(MeAIB; 20 mM) rapidly reduced the current to 0.8  0.3 pA
(Fig. 2A), representing a 94  3% inhibition (Fig. 2A–C; n 	 3;
p  0.001). In addition, removal of external Na abolished IGln
(reduced by 99 1%; n	 3; p 0.001; Fig. 2B). In contrast, the
EAAT inhibitor TBOA (200M) and EAAT substrate D-aspartate
(1 mM) had no effect on IGln (Fig. 2B; n 	 3; p  0.05 in both
cases), demonstrating a lack of involvement of these transporters
in generating IGln. As membrane transporter currents elicited by
the external application of a substrate are not expected to show
reversal at positivemembrane potentials, we investigated the cur-
rent–voltage relationship of the induced IGln. Depolarization of
the presynaptic terminal reduced IGln with the current at40mV
being 36 10% (n	 3) of that at80mV. Significantly though,
it does not show reversal (Fig. 2D). These data are consistent with
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IGln beingmediated by aNa
-dependent electrogenicmembrane
transporter.
To explore the role that presynaptic glutamine transport plays
in sustaining the glutamate supply for fast excitatory transmis-
sion, we investigated the vesicular glutamate content by record-
ing glutamatergic mEPSCs. The principal cells of the MNTB,
which are postsynaptic to the calyx ofHeld terminal, were whole-
cell voltage-clamped at70 mV and synaptic currents recorded.
To mimic physiological levels of activity, the calyx of Held syn-
apse was continuously stimulated at 200 Hz to exocytose vesicles
and promote turnover of the presynaptic glutamate pool. This
stimulationwas interrupted for 15 s eachminute to recordmEPSCs
and check series resistance compensation. Inhibition of presyn-
aptic glutamine transport by the application of 20 mM MeAIB
had little effect for 3–4 min but caused a decline in mEPSC am-
plitude over the next 10 min (Fig. 3A). The mEPSC amplitude
was reduced from38.8 3.5 pA to28.6 3.4 pA by MeAIB
(Fig. 3; a 26 4%reduction;n	 5 cells; p 0.05), indicating that
presynaptic glutamate supply is partially dependent on glutamine
transport. Under identical conditions, mEPSC amplitudes were
stable in the absence of MeAIB (Fig. 3A,B; 102 4%; n	 5; p
0.05). To ensure that MeAIB does not have unwanted effects on
other aspects of synaptic transmission, such as presynaptic cal-
cium channels or postsynaptic AMPA receptors, mEPSCs were
recorded from MNTB neurons at a stimulation frequency of 0.1
Hz. At this low frequency, the presynaptic glutamate pool is not
depleted and the efficacy of neurotransmission is not expected to
be dependent upon glutamate recycling via glutamine. Under
these conditions, MeAIB had no effect on the magnitude of
mEPSCs (Fig. 3B; 105  7% of control; n 	 5; p  0.05). Simi-
larly, MeAIB had no effect on EPSCs evoked at 0.1 Hz (98 6%
of control; n	 8; p 0.05), demonstrating that MeAIB does not
have nonspecific effects on synaptic transmission. These data
demonstrate that the inhibition of mEPSC amplitude by MeAIB
after 200 Hz stimulation must be a result of reduced vesicular
glutamate content.
Discussion
Our data reveal the first direct recording of functional glutamine
transport in individual presynaptic terminals. Intriguingly, this
transport is induced by presynaptic activity, and its expression at
the plasmamembrane is dynamically controlled by a calcium and
SNARE-dependent exocytotic mechanism and by clathrin-
mediated endocytosis. We go on to show that this presynaptic
glutamine transport helps to maintain the glutamate supply for
neurotransmission at the calyx of Held synapse.
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Figure 1. Membrane depolarization rapidly and reversibly induces a calcium and exocytosis-dependent glutamine-mediated current in presynaptic terminals. A, A differential interference
contrast image and the corresponding fluorescence image of a Lucifer yellow-filled calyx of Held presynaptic terminal (arrow) surrounding an MNTB neuron (#) in a brainstem slice. Glutamine (10
mM) or glutamate (200M) was applied by pressure ejection from one of two puffer pipettes (*) placed equidistant from the terminal. B, The 5 s puff application of glutamate did not elicit a
membrane current before or after activation of Ca 2 channels by depolarization trains (inset; Calibration: 1 nA, 10 ms). Glutamine induced a membrane current after Ca 2-channel activation. C,
The magnitude of IGln over time in control (black trace) and with Pitstop-1 in the patch pipette (gray trace). Stimulation of the presynaptic calcium channels was performed before each puff
application, as indicated by the arrows. D, Averaged data showing IGln induced by stimulation of presynaptic Ca
2 currents or release of caged calcium in the presynaptic terminal. Induction was
reversed by cessation of stimulation, by the removal of external Ca 2, or by the inclusion of BoNT/C in the patch-pipette. Reversal of inductionwas prevented by Pitstop-1. **p 0.01. ***p 0.001.
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The inducedglutamine-evoked currentdoesnot showreversal at
positive membrane potentials, which is indicative of transporter
rather than ion channel activation. The underlying transport-
ers are electrogenic, sodium-dependent and inhibited byMeAIB.
MeAIB is a substrate inhibitor of system A neutral amino acid
transporters (Christensen et al., 1965) but also inhibits other elec-
trogenic glutamine transporters, such as members of the broad
specificity neutral amino acid transporter (B0AT) family (e.g.,
NTT4/XT1: SLC6A17; Zaia and Reimer, 2009). Since system A
has been identified in presynaptic terminals using immunohisto-
logical techniques (Armano et al., 2002; Chaudhry et al., 2002)
and NTT4/XT1 has been proposed to be presynaptic and is in-
serted and removed from the plasma membrane via exocytosis
and endocytosis (Zaia and Reimer, 2009), the presynaptic glu-
tamine transport we observe could be mediated by one of these
transporters.
Theexpressionof thesepresynaptic glutamine transporters in the
plasmamembrane is controlled by the level of neuronal activity, in a
highly dynamic way. This indicates that the synapse can exert a sub-
stantial degreeof control over theneurotransmitter supply, linked to
the demand of the system. In vivo, the calyx of Held synapse is con-
tinuously activewitha spontaneous frequencyofup to
100Hzand
sound-induced bursts of 200–400 Hz (Sommer et al., 1993; Kopp-
Scheinpflug et al., 2008). In brain slices, it can sustain firing at500
Hz (Taschenberger and von Gersdorff, 2000); however, there is no
spontaneous activity as the presynaptic neuronal cell body in the
contralateral cochlear nucleus is absent. Under these artificially qui-
escent conditions, the presynaptic transporter currentswere not ob-
served.However, stimulationof the terminal tomimicphysiological
trains of firing resulted in a rapid, calcium-mediated induction of
glutamine transporter current. Inhibition of this induction by
BoNT/C, which is effective in blocking synaptic vesicle exocytosis at
the calyx of Held (Sakaba et al., 2005), suggests that, in response to
synaptic activity, vesicles containing transporters are inserted into
the presynaptic plasma membrane by a calcium-dependent exocy-
toticmechanism. The inability of BoNT/C to completely reverse the
effect of stimulationon IGlnmay reflect the incompletedialysis of the
presynaptic cytoplasm with the peptide. The decline in transporter
function that is observed when presynaptic stimulation is halted is a
result of the internalization of transporters via a clathrin-dependent
endocytotic mechanism, as is evident from the effects of Pitstop-1.
This regulation of presynaptic transporter plasma membrane ex-
pression is similar to that observed for theGAT1GABA transporter,
which is locatedonsmall, clearpresynapticvesicles thatare subject to
exocytosis and endocytosis (Deken et al., 2003). These vesicles are
distinct from the neurotransmitter containing vesicles, which may
alsobe the case for the glutamine transporter containingvesicles that
we have detected. The rapid induction and tight temporal coupling
between electrical activity and transporter function that we observe
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Figure 3. Presynaptic glutamine transport sustains glutamatergic transmission. A, mEPSC
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represent a novel form of homeostatic short-term plasticity of syn-
aptic function.
We propose that presynaptic transporters supply glutamine
for the production of glutamate to sustain neurotransmission. If
this is the case, themagnitude of IGln should reflect the amount of
glutamine needed to produce enough glutamate to match that
released by synaptic transmission. The glutamine transport cur-
rent we observe (15.8  1.4 pA) would supply 9.88  107
molecules  s1 of glutamine. Assuming that each molecule of
glutamine produces amolecule of glutamate, a quantal content of
20 vesicles per action potential (Lorteije et al., 2009) and 7000
glutamate molecules per vesicle (Budisantoso et al., 2013),
enough glutamate to sustain a continuous firing frequency of 705
Hz, would be provided. This demonstrates that the glutamine
transport capacity of the presynaptic terminal is sufficient to
maintain the highest physiological levels of neurotransmission. If
glutamate recycling is stopped, how long will the presynaptic
supply of glutamate last? For a terminal with a presynaptic cyto-
plasmic volume of 477m3 (Sa¨tzler et al., 2002) that contains up
to 15 mM glutamate (Ottersen, 1989), activity at 200 Hz will turn
over the glutamate pool within 154 s. If glutamine transport con-
tributes to maintaining this presynaptic glutamate pool, then in-
hibition by MeAIB should produce a measurable decrease
in vesicular glutamate content over this time period. The reduc-
tion in mEPSC amplitude that we observe after 200 Hz stimula-
tion is in line with this hypothesis. Furthermore, in quiescent
calyces of Held observed after brain slicing, the presynaptic glu-
tamate pool is not expected to be depleted; and consistent with
this, MeAIB has no effect on mEPSC amplitudes or stimulated
EPSCs during low-frequency stimulation. This serves as a very
useful control for the lack of effect of MeAIB on other aspects of
synaptic transmission, such as postsynaptic AMPA receptors or
presynaptic Ca2 channel activation. Although the calyx of Held
is specialized for high-frequency transmission, other synapses are
also equally reliant on rapid glutamate replenishment because of
their smaller size. For example, in hippocampal CA3 to CA1 syn-
aptic boutons of volume 0.086m3, firing at 1Hz, with a quantal
content of 0.3 (Schikorski and Stevens, 1997), the glutamate pool
will be turned over in 369 s. This indicates that these synapses
must also possess continuously active glutamate recycling mech-
anisms to sustain neurotransmission and that the role of glu-
tamine in glutamate recycling may be widespread.
During physiological levels of stimulation, MeAIB reduces
quantal size by 26%, indicating that the glutamine transport we
observe is not the only mediator of synaptic glutamate recycling
and that other pathways also play a significant role in replenish-
ing the glutamate pool. In hippocampal slices, MeAIB causes a
similar sized inhibition of the fEPSP slope over 5 min, although
this is reversed during prolonged (4 h) MeAIB exposure (Kam
and Nicoll, 2007), suggesting that compensation by other gluta-
mate recycling mechanisms could occur in the long-term. It has
been proposed that presynaptic terminals can directly sequester
glutamate via EAAT2 transporters (Furness et al., 2008). How-
ever, despite our assay having the power to detect 1 pA of
transporter current, glutamate did not evoke a measurable cur-
rent in presynaptic terminals, even after the same electrical stim-
ulation that induced the glutamine transport current. This
indicates that glutamate is not recycled by direct presynaptic up-
take via EAAT transporters, in agreement with the study of
Palmer et al. (2003). Instead, glutamate is taken up into astrocytes
adjacent to the calyx of Held synapse (Uwechue et al., 2012),
which is advantageous from an energetic point of view as astro-
cytes have a greatly reduced cytoplasmic glutamate concentration
compared with presynaptic terminals (Ottersen, 1989). Alterna-
tive methods of replenishing presynaptic glutamate supplies
couldincludethepresynaptictransportofTCAcycleintermediatesoxo-
glutarate, malate or citrate by members of the sodium-carboxylate
cotransporter (NaC) family (Maciejewski and Rothman, 2008). Al-
though the complete nature of the presynaptic glutamate recycling
mechanismsremainstoberesolved,ourdataarethefirsttodemonstrate
that presynaptic glutamine transport contributes to maintaining the
glutamate supply for vesicle filling and therefore influences the efficacy
ofexcitatoryneurotransmission.Furthermore, the transporter function
is dynamically controlled by neuronal activity, enabling the synapse to
modulate glutamate supply according to its requirements.
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